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Introduction
The U.S. Army is interested in compact fuel-to-electric power systems to provide portable power sources for Soldiers and unmanned aerial vehicles (UAVs). These energy systems use highenergy density fuels, such as jet propellant #8 (JP-8), small-scale fuel injection mechanisms, combustion, and a thermal-to-electric energy conversion process (1) . Optimization of the fuel injection mechanism can lead to better heat utilization, reduced system volume, and increased system power density.
There are a number of fuel injection mechanisms for small-scale systems including direct vaporization, high pressure atomization, and electro-spray atomization (E-spray). This report focuses on improvements made to the E-spray fuel injection methodology developed by Deng et al. and Waits et al. (2, 3) . The E-spray fuel injection mechanism is shown schematically in figure 1 . A high voltage is applied between the conductive liquid in the emitter nozzle and the extractor. The balance between the liquids capillary forces and the applied electric field form a Taylor-cone geometry at the tip of the emitter nozzle in the liquid, which subsequently emits a jet of liquid. The liquid jet periodically emits mono-dispersed diameter, charged liquid droplets through instabilities within the jet. Coulombic repulsion of the like-charged droplets accelerates them away from one another, creating a charged droplet plume.
The fundamental physics of E-spray have been described in a number of papers. Both GanonCalvo et al. and Fernández de la Mora derived power-law relationships between E-spray droplet size and liquid flow rate through the emitter, with lower flow rates giving significantly reduced droplet diameters (4, 5) . This power-law relationship for ethanol and JP-8 is shown in figure 2 for JP-8 and ethanol using a 1.63-mm outer diameter (OD) stainless steel tube. The droplet diameter was shown to scale with the flow rate (Q) to approximately the 0.5 power when spraying without an extractor. When spraying with an extractor, ethanol exhibit closer to 0.3 power, most likely due to the suppression of evaporation from the Taylor-cone. In order to preserve small droplet diameters at large flow rates, the fluid must be distributed through an array of nozzles (multiplexing). To this end, a significant amount of work has been performed developing silicon-based, microfabricated E-spray systems for highly compact multiplexed electro-spray (MES without an increase in droplet size. Additionally, multiple fuels have been sprayed through multiplexed nozzle systems, including ethanol, isobutanol, and JP-8.
Portable, compact, power generation systems place a high demand on volume optimization. To reduce the size of the fuel injection system, one should obtain the minimum evaporation distance for electro-sprayed droplets. Waits et al. derived the evaporation distance for a range of flow rates, finding that a minimum flow rate provided the smallest droplet size (3). Figure 3 was generated using the D-square law of droplet evaporation and rates for ethanol evaporating within air at room temperature and for a range of droplet temperatures (3) . Figure 3 demonstrates that extremely small droplet diameters or additional energy input to increase the droplet temperature are required to achieve evaporation lengths less than 1 mm. It is more beneficial to pursue techniques to reduce droplet diameters than to increase the energy input since this would be a loss in a power generation system. As seen from figure 3 , the flow rate per nozzle must be minimized, for example, less than 0.05 mL/h to achieve a 1-μm ethanol droplet at room temperature. Figure 3 . Evaporation length versus ethanol droplet diameter droplet temperatures ranging from room temperature to just below boiling and within air at room temperature.
The minimum flow rate is limited, by evaporation. In Deng's dissertation, he noted that the minimum flow rate in a microfabricated nozzle was determined by evaporation of liquid off the cone (6) . When the evaporation rate is near the liquid flow rate, a stable Taylor-cone cannot be maintained which results in "dripping" or "spitting" mode. Thus, the minimum flow rate, and therefore the minimum droplet diameter, is determined by the nozzle's outer diameter. Langmuir derived an equation for evaporation rate (dM/dt), which depends on the difference in partial pressure of the vapor in the surrounding gas (Pp), the vapor pressure of the liquid (Pv), the mass of a molecule of liquid (m), temperature (T), and k is Boltzmann's constant.
( The Langmuir equation represents an evaporation rate per unit area, thus evaporation scales linearly with the exposed area or OD of the nozzle.
Deng et al. have also demonstrated a faster response time with a reduction in the outer nozzle diameter, which is beneficial for reciprocating engines. In the same paper, Deng et al. found that the mass of fluid in the Taylor-cone, conductivity, and liquid viscosity affected the spray turn-on time (7) . The mass of the fluid can be controlled by the nozzle outer diameter, which determines the size of the Taylor-cone. He demonstrated a reduction in the response time with the outer diameter, stating that 60 μm, showing a response time of 150 μs, was the practical limit due to the current state-of-the art fabrication techniques using strictly vertical silicon nozzles.
In addition to shorter evaporation lengths and faster response times, the on-set voltage to form a Taylor-cone reduces with a decreased outer nozzle diameter. Krpoun et al. and Velásquez-García et al. both suggest the cone formation voltage scales logarithmically with the outer nozzle diameter for diameters relevant to microfabricated nozzles (8, 9) . Figure 4 shows the approximate cone formation voltage versus the nozzle OD for the relationships provided by Krpoun et al. and Velásquez-García et al. The nozzle OD is the critical parameter when scaling E-spray devices as it determines a number of performance metrics like the evaporation length, response time, and cone formation voltage. This work describes the custom fabrication of microfabricated E-spray nozzles to reduce the nozzle OD below the current limitations of vertical wall nozzles by tapering the nozzle tip, as described by Deng et al. (2) . Furthermore, we report a significantly reduced flow rate operation versus macroscale and previously microfabricated emitters.
Fabrication
The microfabricated E-spray described here is composed of three layers: (1) an extractor layer, (2) a nozzle layer, and (3) a NanoPort TM adapter with a stainless steel tubulation. The extractor layer is fabricated in a 200-µm-thick, double-side-polished silicon wafer, and is aligned to the nozzle layer to form an MES device through a previously described method using optical fibers of a known diameter (250 µm) (2, 3). The MES device is then assembled with fluidic connections as shown in figure 5 . The NanoPort TM and stainless steel tabulation is described in detail in section 3. The focus of this report is on the nozzle layer, specifically the custom fabrication scheme to minimize the outer diameter. Microfabrication is a core technology allowing the realization of small features close-tolerance structures. One of the limitations of microfabrication is the ability to make sloping structures. This work describes three different methods investigated to obtain tapered nozzle tips compared to the flat-top microfabricated nozzles previously described. Figure 6 compares the geometry of flat top (figure 6a) and tapered nozzles (figure 6b). The structural integrity of the nozzle is determined by the material thickness between the internal through hole and OD of the nozzle. It was previously determined that 60 μm was the minimum OD possible for the flat top nozzle, primarily due to a necking of the nozzle towards the base weakening the nozzle (7). The tapered nozzle design effectively uses the inner diameter (ID) as the outer diameter, and therefore the base diameter can be significantly larger than the ID while still maintaining the desired small Taylor-cone radius.
Extractor Fabrication
The extractor fabrication uses successive deep-reactive ion etch (DRIE) steps. This process is only briefly described below. For a more thorough explanation, please reference the work by Deng et al. (10) . The extractor is fabricated in two etch steps. The first etch defines the hole for the spray to pass through as well as the alignment trenches. The alignment trenches have specific depth requirement of >150 µm. The extractor wafer is then flipped over, and an etch is performed on the opposite side of the wafer defining a cavity. The depth of this etch is determined by the difference in the wafer thickness and the depth of the front-side etch. A cross section of the extractor layer is provided in figure 7 . 
"Top Hat" Fabrication Method
The goal of this fabrication method was to create the tapered nozzle geometry using only plasma-based etching. The advantages of using plasma-only processes are better across-wafer uniformity, easier process control, and fewer challenges with etch rate selectivity between materials when compared to the alternative wet etch processes using chemicals such as hydrofluoric acid + nitric acid + acetic acid (HNA). Tight control of bath temperatures and agitation are difficult and often result in poorer uniformity etches when compared to plasma processes.
A process flow is provided in figure 8 . The first steps in the process deal with defining the inner and outer nozzle diameters. The first step in the process was to deposit 3 µm of silicon dioxide (SiO 2 ) on the topside of a 500-µm-thick, double-side-polished silicon wafer. Contact photolithography is performed to define the nozzle outer diameter. A methane (CH 3 ) plasma based etch is used to completely etch the SiO 2 not protected by photoresist at a rate of 6 min/µm (figure 8b). Contact photolithography was then performed to define the nozzle ID on top of the remaining SiO 2 after the previous etch. The exposed oxide is only partially etched (2 μm) such that a 3-μm-thick SiO 2 layer defines the outer nozzle base and a 1-μm-thick SiO 2 defines the nozzle ID (figure 8c). This multi-level oxide process will serve as a hardmask for future etching. Once the multi-thickness nozzle hardmask is defined in the oxide, the wafer is turned-over for further processing. Contact photolithography is performed on the backside of the wafer, used to define the backside through-hole, which has a diameter in-between the inner and outer diameters. The nozzle cross section is shown in figure 9 . The backside etch, performed using DRIE was designed to be a depth that would extend through the wafer, halfway into the nozzle height ( figure 8d) . One of the challenges of this etch is that it is difficult to measure the etch depth of high aspect-ratio structures because it is difficult to see reflected light in them. Therefore, the etch rate and depth could only be estimated from early measured values before the hole became too deep. Upon completion of the backside etch, processing was continued on the front-side of the wafer. The next etching step defines the taper of the nozzle. The nozzle tapering etch is done by using an isotropic, sulfur hexafluoride (SF 6 ) plasma-based process (figure 8e). The parameters for the etch process are listed in table 1. The etch process parameters were tuned to provide consistent properties like etch depth and etch profile. The lateral etch rate is measured via optical microscopy. The etch front can be observed beneath the semi-transparent SiO 2 thin film. When the isotropic etch was within 2-5 μm of the nozzle ID, the isotropic etch was considered completed, leaving a top hat of oxide film suspended above the tapered nozzle.
At this point, the multi-level oxide mask had thinned slightly but was nearly at the original 3 μm/1 μm for the OD, and ID thicknesses respectively as before. The ID oxide was then removed by a 6-min blanket CH 3 plasma etch, leaving only a ring of suspended oxide film remaining and thinning the 3-μm film to less than 2 μm. The next etch step used DRIE to etch both the nozzle OD and ID (figure 8f), with the goal of defining an appropriately tall nozzle while reaching the backside through hole with the ID etch (refer to figure 9 ).
There were a number of issues with this process design. These issues included insufficient backside etch depths, tapering of nozzle OD towards reduced diameter during the nozzle etch, and over-etching of the isotropic, nozzle tapering etch.
The backside through hole etch is performed using a photoresist mask and DRIE. The selectivity of photoresist to silicon etch rate in DRIE is 1:100-150; therefore, a 10-μm photoresist mask should be sufficient to mask up to 1 mm of silicon etching ideally. The silicon etch rate, however, becomes aspect ratio and etch depth dependent in narrower/deeper structures. The hole diameters were 15-45 μm, which gives aspect ratios of nearly 1:33 and 1:10. The former is at the limits of even advanced DRIE tools and the latter requires tailoring of the DRIE process for the Versalock™ DRIE tool available. This resulted in a rapidly decelerating etch rate and tapering of the backside hole diameter due to the inability for reactive species to reach the bottom of the etched feature. The challenge described earlier is that it is difficult to measure the depth of deep-etched holes. Initial etch rates were taken on 50-μm-diameter holes and found to be <2 µm/min after 60 min of etching, which is significantly slower than the usual <3 µm/min observed in the Versalock™ DRIE tool. As this etch is continued, the etch rate of silicon continues to slow down, and it was found that we could not obtain the desired backside etch depths. Eventually the etch mask fails before the silicon reaches the appropriate depth. For future attempts at such a process, we suggest changing the chamber power and gas pressure to try and obtain more directional, deeper-etching ions.
The second issue was the tapering of the nozzle outer diameter. An example of this is shown in figure 10 . Figure 10 shows a nozzle with severe tapering. The nozzle ID has come into contact with the outer wall, rendering the nozzle useless. The recipe was then tuned to reduce the nozzle taper by changing the plasma pressure. Figure 11 shows a nozzle using the tailored "no-lag" DRIE recipe. Nozzle OD taper was reduced in this case and this SEM image also highlights the third issue with the "top hat" etching process, which is due to over-etching if the isotropic etch process or misalignment of the nozzle ID. This issue is shown schematically in figure 12 . The isotropic over-etch/misalignment can result in a hanging OD etch mask, which has the potential of breaking off. The breaking through of the isotropic etch will also result in unusable nozzle. To solve this problem, careful care must be taken with the alignment and the isotropic etch cannot be too aggressive geometrically, i.e., within 3 µm of the nozzle's ID.
Ultimately, these challenges prevented a working prototype from being realized. Therefore, a new fabrication process was proposed to try and obtain deeper backside etching and better alignment.
Thermal Oxidation Method
Upon the failure of the "top hat" method, a new approach was taken to assure that the nozzle ID and backside etch made contact for a continuous fluid channel. The next nozzle fabrication method depends significantly upon a thermal oxidation of the etched tapered nozzle. A fabrication process schematic is shown in figure 13 . The first step in this process was to deposit and pattern a three-layer stack of SiO 2 /silicon nitride (Si 2 N 3 )/SiO 2 ( figure 13a and b) . The first SiO 2 layer was used to help balance the film stress and was 100 nm thick. The second layer, 100-nm-thick silicon nitride, was used for a sacrificial etch later on in the process. The third and final layer was a 1-3 µm thick silicon dioxide layer, which is used as the nozzle OD mask as is the case with the previously described "top hat" process. The next step is the backside DRIE to define the backside holes (figure 13c).
After the backside holes are etched, the three layer stack serves as the mask for the isotropic nozzle etch (figure 13d). The most important feature of this etch is the lateral etch distance, which will ultimately define the nozzle ID. The lateral etch rate is determined via optical inspection of the diameter of a visible color change in etch mask, as shown is figure 14 with a progression of three etches. Once the isotropic etch has reached a diameter of 10-15 μm, the process is stopped. The next step (figure 13e) uses the floating three-layer stack as an etch mask to define the height of the nozzle. The nozzle height is etched out of silicon using tuned no-lag DRIE recipe, described in section 1. Thermal oxidation takes place by providing the oxidant, either O 2 or H 2 O, energy in the form of high heat, and silicon on the wafer, which gets gradually consumed. If the nozzle ID was too small, from the isotropic etch becoming too aggressive, the whole nozzle tip could be oxidized, removing the etch mask, as shown in figure 15 . The nozzles that were not over-etched were next placed in a hot phosphoric acid etch bath at 160 °C, which was meant to selectively etch the Si 2 N 3 layer, thereby removing the floating etch mask ( figure 13g ). The etch rate of Si 2 N 3 was reported to be 20 nm/min, compared to 0.18 nm/min for thermal oxidation-derived SiO 2 (11) . It was found that despite the two orders of magnitude difference in etch rate, the acid etch had a difficult time reaching the Si 2 N 3 interlayer, so etch times were significantly longer than expected. One wafer had the thermal oxide layer completely destroyed before the interlayer was removed after 4 h of etching.
The cap was attempted to be removed using mechanical vibration provided ultrasonically before the acid etch step. An SEM image of a broken cap is shown in figure 16 . The ultrasonic breaking of the etch mask was found to be a low-yield methodology, with some caps breaking and others folding and sticking to the side of the nozzle.
Ultimately, this method was abandoned due to difficulties in removing the nozzle OD layers to continue the fabrication process. If materials could be used with thicker layers and higher selectivities, then we believe this would be a reliable process to obtain microfabricated tapered nozzles.
Inner Diameter Pre-etch Method
The main issue with the "top hat" method was the inability to have the nozzle ID etched hole reach the backside etched hole to make a continuous flow path. To solve this problem, a fabrication scheme was developed that focused on reaching the intended ID depth early on in the process. The ID pre-etch process described in this section was also the shortest and simplest. This process flow is shown in figure 17 . The first step in this process is to define the nozzle ID with contact photolithography and a DRIE process (figure 17a). This etch was performed for 150 min and the depth was unmeasureable, but assumed to be greater than 200 μm. The next step (figure 17b) was the aligned backside through holes, defined using contact photolithography and DRIE. This etch was performed until the ID hole was visible at the bottom of the backside hole, thereby guaranteeing a through-hole had been created.
Once the through-hole had been created, the rest of the nozzle needed to be defined. To do this, thick AZ 9245™ photoresist was spun at 500 rpm for 10 s and then 1000 rpm for 30 s. This allowed the photoresist to maintain its integrity while spanning the nozzle ID holes. Contact photolithography was performed to define the nozzle OD. The next two steps were the isotropic nozzle etch (figure 17c) and no-lag DRIE (figure 17d) to define the nozzle taper and height, respectively. These etches were performed in the manner described in the previous two sections. Finally, the device was cleaned (figure 17e) removing the remaining photoresist and diced, resulting in the first successful microfabricated tapered nozzles. Nozzles with 45 μm OD/18 μm ID ( figure 18 ) and 60 μm OD/36 μm ID were obtained. The tip of the smallest tapered typically showed a jagged edge after cleaning due to a crack induced from an isotropic over etch similar to the one shown in figure 11 .
Experimental Methods
The purpose of the tapered nozzle was to allow for the lowest flow rate per nozzle possible, while maintaining the structural integrity of the nozzle. The low flow rate operation of the tapered nozzle produces small droplets, which are evaporated in small distances, enabling smaller systems. The tapered nozzle also emits a smaller Taylor-cone, which can help increase the transient response of the nozzle and reduce the voltage required to form the Taylor-cone.
The goal of the experiments was to determine the minimum flow rate for three nozzle varieties: a stainless steel tubulation of 1.63 mm diameter, a flat-topped microfabricated nozzle with 90 μm OD as described in Deng et al., and a tapered nozzle of 18 μm. A photograph of the nozzle testing setup is shown in figure 19 . A visual inspection method was used to determine the E-spray operating regime to determine minimum flow rate. A collimated light source combined with a long working distance (WD) microscope lens allowed for 1-μm/pixel camera resolution.
Various levels of fuel pre-heat were introduced through resistive heating tape applied to the stainless steel fuel line. Fuel was pumped using a computer controlled gear pump (M6 Vici™ liquid handling pump). The device hung beneath a custom fabricated arm allowing for intimate, large area contact between the heating tape and fuel input line to assure isothermic conditions. Temperature was measured via thermocouples imbedded within the heating tape wrap. The device was epoxied to a plastic ferrule in a manner described by Waits et al. (3) .
Testing was performed by monitoring the electro-sprayed ethanol visually. Ethanol was chosen for this test due to its high vapor pressure and conductivity. If evaporation dominated the low flow rate operation of E-spray nozzles, then the effect would be better observed using high vapor-pressure, fast evaporating fluids. Additionally, the fluid must have some conductivity in order to be manipulated by an electric field.
Experiments were done by progressively heating the fuel and observing changes in the E-spray characteristics. Fuel temperature was given 10 min to equilibrate in between temperature changes, and a fuel was considered to be at its minimum flow rate when it displayed consistent operation for over 5 min. An example image of a microfabricated flat-top nozzle spraying is shown in figure 20 . As a point of comparison, an image of a spraying tapered nozzle is shown in figure 21 . The very low flow rates obtained with tapered nozzle became increasingly difficult to observe, so the observation of a jet was used a confirmation of stable E-spray.
Results and Discussion
Minimum Flow Rate vs. Temperature
The main goal of this experiment was to establish a minimum flow rate for different diameter E-spray nozzles, over a range of temperatures. Given that minimum flow rate is evaporation dependent; the smallest diameter nozzle should have the smallest evaporation rate due to reduced fluid area. The minimum observed flow rate for the three nozzle variations is shown in figure 22 for a range of fuel temperatures below the boiling point of ethanol. Figure 22 shows that over the range of temperatures tested, a minimum flow rate was not observed for the tapered nozzle, but rather the nozzle was able to operate at the lower limit of the pump. The tapered nozzle operated at low enough flow rates that electrohydrodynamic pumping was possible, i.e., the electric field pulled the fluid from the emitter at very low >0.005 ml/h flow rates suggesting droplet diameters well below 0.5 μm are possible.
These results show the potential of the nozzle tapering process. The tapered nozzle process was performed on single nozzle devices, but it was designed to be compatible with multiplexed nozzle arrays. A dense array of tapered nozzles could meet a minimum power requirement, while using very low flow rates per nozzle to obtain small combustor geometries.
Microclimate
One of the challenges with this experiment is assuring the experimental conditions are consistent among devices. The microfabricated nozzles had the unique condition created by having a nearly closed volume around the nozzle, created by the extractor chip. The conditions of this closed volume could affect the evaporation rate of fuel off the Taylor-cone.
To determine if there is an influence of microclimate, the evaporation rate was calculated from the Langmuir equation 1, using the fluid vapor-pressure and the surface area of the Taylor-cone for each nozzle geometry. The 90-μm-diameter nozzle has a Taylor-cone surface area of 1.422 x 10 -8 m 2 and a calculated liquid evaporation rate ranging from 9.7 to 98 nL/h for liquid temperatures from 26-77 °C. The 18-μm-diameter tapered nozzle has a Taylor-cone surface area of 5.69 x 10 -10 m 2 and a calculated liquid evaporation rate ranging from 0.4 to 4 nL/h for liquid temperatures from 26-77 °C. The expansion ratio of ethanol (density of gas/density of liquid) is 420 and the volume of the extractor chamber is estimated to be 2 x 10 -8 m 3 . Given the evaporation rate, expansion ratio, and open volume, and assuming no vapor is removed from the chamber, it would require a minimum of 12 and 0.5 h to saturate the environment for the 18-and 90-μm nozzles, respectively. These timescales suggest that microclimate creation was not an issue during our experiments and the benefit of scaling nozzle diameter observed was minimally influence by microclimate evaporation retardation. Future work on multiplexed devices will investigate the increased cone evaporation area from using multiple nozzles and the ability to reach a saturation condition more quickly. Extremely low flow rates, and thus small droplet diameters and evaporation distances, should be achievable through the combination of multiple nozzles, an extractor design that minimizes vapor loss, and the tapered nozzle tips presented here.
Summary and Conclusion
This work has described multiple methods aimed at creating microfabricated, tapered-tip, Espray nozzles. The U.S. Army desires compact liquid fuel-to-electric power systems, and part of such a system would be a fuel injector. E-spray has been explored for fuel injection as it is a low power, compact mechanism. It has been shown that E-spray scaling depends on a number of factors, including nozzle/emitter geometry. Tapered nozzle tip diameters of 18 μm compared to a previous minimum of 30 μm has allowed for E-spray operation below 0.01 ml/h at 70 °C fuel pre-heat, which is a 25-fold decrease over the minimum of 0.25 ml/h possible with 90-μm-diameter, flat topped nozzles at 56 °C. The tapered nozzle process was performed on single nozzle devices, but it was designed to be compatible with multiplexed nozzle arrays. A dense array of tapered nozzles could meet a minimum power requirement, while using very low flow rates per nozzle to obtain small combustor geometries.
